Fluid flow Osteogenic differentiation a b s t r a c t Background: 3D cell culture is an appropriate method to develop engineered bone tissue, where
Results: The human MSCs distribution over the scaffolds was confirmed with fluorescent microscopy. Alkaline phosphatase (ALP), calcium mineralization, and collagen formation were found to be higher in PLA90 scaffolds than PLA100 and PLA75. PLA90 scaffolds with better cell adhesion/proliferartion were considered for bioreactor studies and they exhibited enhanced ALP, Ca þ2 mineralization and collagen formation under dynamic perfusion than static culture. We further confirmed our observation by looking at expression levels of osteogenic marker (Runx2 and osteonectin) in differentiated MSCs subjected to perfusion culture compared to static culture.
Conclusion:
The results of the current investigation once again proves that dynamic perfusion cultures improve the osteogenic differentiation of MSCs over hybrid polymer scaffolds (PLA90) for effective bone regeneration.
The development of a successfully engineered bone graft achieved by culturing stem cells on an appropriate scaffold which should support cell adhesion, proliferation, and differentiation into osteoblast cells. Selection of suitable scaffold material and stem cell source are vital factors for engineered tissue synthesis including bone tissue [1] . The ethical and social issues pertained to use the embryoinic stem cells in tissue engineering research has encouraged the application of human umbilical cord blood-derived mesenchymal stem cells Generally, perfusion bioreactors generate shear stress which enhances the osteogenic differentiation of MSCs, however, these reactors are restricted to the smaller sized scaffolds, though the huge bone defects demand the employment of bigger scaffolds. This problem underscores the importance of optimizing the culture conditions in a bioreactor for constructing larger tissues. To address this issue, we developed a customized, autoclavable, and cost-effective perfusion bioreactor which can be used with the PLA/PEG scaffolds of dimensions 30 mm diameter, 5 mm thickness. We hypothesized that the fluid flow could improve the osteogenic differentiation of MSCs. The results of the study will contribute in elucidating the significance of mechanical stimuli via fluid flow on osteogenic differentiation of MSCs on the larger scaffold. 
Materials and methods

Scaffold preparation
Composite PLA/PEG scaffolds were fabricated using solvent casting-particulate leaching technique. NaCl (300e400 mm) used as porogen. Varied weight ratios 100:0, 90:10, and 75:25 of PLA and PEG were dissolved in 30 mL of dichloromethane. Porogen mixed with polymer blended solution in 1:9 ratio. Then, poured in a petri dish and vacuum dried for 48 h for solvent evaporation. In order to leach out the salt, scaffolds were immersed in deionized water for 2e3 days by changing the water for every six hours. The prepared scaffolds were cut into definite desired dimensions using a laser cutter (Mini 19 Laser, Epilog Laser). 0.1 w/v% porcine skin gelatin coated scaffolds were sterilized by immersing them in 70% ethanol. Then, scaffolds were washed with PBS three times and incubated in culture medium for 12 h prior cell seeding. 100/0-PLA/ PEG, 90/10-PLA/PEG, and 75/25-PLA/PEG are denoted as PLA100, PLA90, and PLA75 respectively.
Cell culture and osteogenic differentiation
Umbilical cord blood MSCs (5 Â 10 4 cells/mL) were seeded onto scaffolds and incubated for 2 h to facilitate cell adhesion to the scaffold in basal media (BM) (DMEM with 10% FBS and 1% penicillin). Then, cell-seeded scaffolds were immersed in BM and incubated for 2 days. Osteogenic induction media (OIM) (BM, 50 mg/mL of Ascorbic acid, 5 mM b-glycerol phosphate, and 100 nM dexamethasone) added to the scaffolds on day 3; cells were allowed to grow/differentiate for 21 days by changing the osteogenic induction media for 2e3 days.
Osteogenic differentiation under dynamic culture conditions PLA90 scaffolds (size: diameter Â thickness 30 mm Â 5 mm) used for bioreactor culture. Bioreactor used in this study shown in Fig. 1 . 5 Â 10 5 MSCs were seeded onto the scaffold and incubated for 2 h. BM was added to the scaffolds and incubated for 3 days. To investigate static and dynamic culture effect on osteogenic differentiation of MSCs, (n ¼ 4) scaffolds were transferred to bioreactor chamber and (n ¼ 4) scaffolds were kept in static condition. The media was supplied with a flow rate of 13.9 mL/min, resulting in a flow of 3.47 mL/min to each bioreactor. Whereas, the media was changed every 2e3 days for static scaffolds. At the end of incubation time, samples prepared for osteogenic assays and metabolic activity.
Resazurin reduction (RR) assay
Resazurin reduction (RR) was employed to check the cell viability on scaffolds. The scaffolds were immersed in RR
At a glance of commentary
Scientific background on the subject
Tissue engineering is widely progressed from the field of biomaterials where combination of implants, cells, and biologically molecules gives rise to a 3D functional tissue constructs. These constructs restore and improve damaged tissues or whole organs. The success stories of artificial grafts hold the smaller skin and cartilage implants approved by the FDA; however, cures for complex, often chronic diseases is a distant goal to be achieved. One of the wide medical applications of bone tissue engineering is developing a successful bone grafts.
What this study adds to the field
To the best of our knowledge, fluid flow effect on bone regeneration using larger scaffolds in perfusion system
is not yet reported. This reactor model and studies could help in optimizing the mechanical micro environment for larger scale culture of tissue engineered bone. working solution (10 vol % of RR stock solution in BM, stock solution is prepared by dissolving 1 mM RR sodium salt in distilled water) in the new well plate. Then, well plates were wrapped in foil, incubated for 4 h. Reduced solution of 200 ml was taken into a 96-well plate in triplicate and readings were taken using a plate reader at an excitation wavelength of 540 nm and an emission wavelength of 630 nm.
Osteogenic assays
Scaffolds were washed twice in PBS after removal of culture medium. Cell digestion buffer (10 v/v% cell assay buffer (1.5 M TriseHCl, 1 mM ZnCl 2 , 1 mM MgCl 2 in deionized water (diH 2 O)), 1% TritonX100, in diH 2 O) was added to each scaffold and incubated for 45 min. Scaffolds with cell lysate were vortexed, overnight stored at 4 C. Three freezeethaw cycles (80 C 10 min, 37 C 15 min) performed, then centrifuged at 10,000 rpm for 5 min. 20 mL of the lysate and 180 mL of PNPP Phosphatase Substrate added to a 96 well plate. Then, incubated at room temperature until the slight yellowish color was observed [17] . The readings recorded at a wavelength of 405 nm every minute for 30 min. This activity is normalized to the amount of DNA as determined using the DNA quantification assay. Quant-iT ™ dsDNA assay kit was used to calculate the amount of DNA (Thermo Fisher). 10 mL of the lysate added to 90 mL of working solution. The reading is taken at an excitation wavelength of 485 nm and an emission wavelength of 528 nm. A standard curve was used to convert the fluorescence to nano-gram (ng) of DNA. Alizarin red S was used to measure the calcium deposition by the cells. Initially, samples were washed twice with PBS. 2 mL of ARS working solution (1 w/v% ARS dissolved in diH 2 O) was added to each scaffold and kept for 30 min. Then, washed with diH 2 O every 5 min after removal of ARS solution until the water remained clear. The samples were submerged in 5% of perchloric acid, left for 15 min with gentle orbital shaking to destain the samples. A destained solution of 150 mL was taken to measure the absorbance readings at a wavelength of 405 nm; standard curve was used to convert absorbance values to ARS concentration (mg/mL).
DR80 assay elucidates the total collagen content (based on Sirius red). After performing ARS, samples were washed thrice with water. DR80 working solution (1 w/v% direct red 80 in saturated picric acid) of known volume was added to each sample, then left for 18 h with orbital shaking at 100 rpm. 0.2 M NaOH: CH 3 OH (1:1) was added to each sample and left for 20 min over an orbital shaker at 100 rpm. The absorbance of 150 mL of destained solution was measured using plate reader at 405 nm. The DR80 concentration was (mg/mL) calculated using a standard curve.
Western blotting
Proteins from Differentiated osteoblasts were separated by SDS-polyacrylamide gels and electrotransferred to PVDF membrane. The membranes were blocked with 5% non-fat dry milk in TBS-Twin for 1 h at room temperature. The membranes were then incubated overnight at 4 C with antisera raised against Runx2, osteonectin and beta-galactosidase in TBS-Twin containing 1% non-fat dry milk. The membranes were washed thrice for 5 min each with TBS-T and probed with appropriate near-Infrared Fluorescent Secondary Antibodies (LI-COR) in a 1% non-fat dry milk in TBS-T at room temperature for 1 h. After washing, the immune complexes comprising of the target proteins were detected using the Odyssey imaging system from LI-COR. The membranes then were stripped and reprobed with GAPDH controls. The band intensity was quantified and protein expression levels were calculated relative to GAPDH from the same membrane. 
Fluorescent images
MSCs over the polymer scaffold surface were fixed using icecold ethanol for 10 min, and the fixative was allowed to evaporate at room temperature. These scaffolds were further washed in 1X PBS and allowed to rest in the 1X PBS buffer. ActinGreen ™ 488 (ThermoFisher) reagent was added to the buffer solution (2 drops/mL) and incubated for 30 min before observing under a confocal microscope.
Statistical analysis
GraphPad Prism 7 software was employed for statistical analysis. The data represented in Mean ± SD.
Results and discussion
Cell viability on composite scaffolds RR reduction assay elucidated the metabolic activity of the cells, and the results depicted in Fig. 2 . On first day, in comparison with PLA and PLA75 scaffolds PLA90 have shown improved cell adhesion. As the time pass by, cell proliferation improved over all the scaffold types [ Fig. 2B ]. However, no significant variation in the cell viability was found in all the composite scaffolds on day 4. The disparity in cell attachment on the scaffold was due to the varied composition of PLA and PEG, as it was reported earlier that cell adhesion is affected by PLA content in composite scaffolds [18] . Cell adhesion could be higher on hydrophilic polymers, as PEG addition increases the hydrophilic nature resulted in cell adhesion in PLA90 scaffold [19] . However, PLA75 showed lesser cell adhesion than PLA90, which could be due to larger pores presented in the scaffold. From day 7 onwards, there was a profound increase in cell number on PLA90 scaffold, which is statistically significant (p < 0.0001) than other scaffolds. Cell viability was significantly higher in PEG contained scaffolds than 100% PLA scaffold. It was reported the higher cell viability on PEG/PLA electrospun fibrous scaffolds achieved, which is supported by enhanced cell attachment and also favoured for cell proliferation and penetration into the scaffold [20] . Though hMSCs adhesion rate differs concerning the composition of the scaffold, cell viability on the scaffold is not in line with the cell adhesion trend. The hMSCs were well distributed over PLA-PEG scaffolds, PLA90 showed the greater distribution compared to PLA100 and PLA75 [ Fig. 3 ]. Fig. 3 Fluorescence staining of hMSCs cultured on composite scaffolds PLA100, PLA90, and PLA75 on day 14. Osteogenic differentiation of hMSCs on composite scaffolds
Normalized ALP activity per DNA content is shown in Fig. 4A . PLA90 scaffold exhibited higher ALP normalized activity than PLA100 and PLA75. The osteogenic response was varied on composite scaffolds; it could be due to the scaffold internal architectures [21] . A significant higher ALP activity was earlier reported in PEG-containing PLA scaffold [22] , and the same trend was shown in the current study, which confirmed the early osteogenic differentiation of MSCs on composite scaffolds. Ni et al. confirmed that calcium mineralization was higher in PEG contained scaffolds, in the similar way calcium mineralization was found to be higher in PEG contained scaffolds compared to PLA only scaffold [ Fig. 4B ]. As like calcium mineralization, the similar trend observed in collagen formation. The results of this study confirmed that osteogenesis was higher in PLA90 scaffolds than PLA100 and PLA75. Thus, PLA90 scaffolds were chosen for further to elucidate the static and dynamic culture effect on the osteogenic differentiation of hMSCs using perfusion bioreactor.
Dynamic fluid flow subjected to MSCs
The metabolic activity of cells showed higher fluorescence values in the scaffolds with fluid flow than static culture [ Fig. 5 ]. Fluorescent images of cells stained with "ActinGreen 488" under static and dynamic conditions depicted the better cell distribution over scaffolds cultured in dynamic culture conditions. In addition we also checked for cell survival efficiency in both static and dynamic culture conditions by quantifying the expression of beta-galactosidase (a senescence marker) and we observed a minimal beta-gal expression confirming that cell proliferation/survival in both the culture conditions was unaffected [ Fig. 6 ]. A statistically significant ALP per DNA activity in PLA90 scaffold under dynamic culture noticed than static culture [ Fig. 7A ]. The ALP activity and bone matrix deposition under perfusion culture showed higher [23] . Western blotting of terminally differentiated MSCs further supported our observations seeded over PLGA scaffolds showed increased osteocalcin (OCN) and Runx2 expression [ Fig. 8 ], and our observations confirmed that osteogenic differentiation enhanced by applied mechanical stimuli [24] . Calcium mineralization on PLA90 scaffold under dynamic condition was significantly higher than static [ Fig. 7B ]. MSCs cultured on starch-based scaffolds subjected fluid flow showed increased bone-like matrix deposition, which elicits mechanical stimuli significantly affect the osteogenic potential of MSCs [25] . Calcium mineralization and collagen formation were higher in reactor culture than static culture; this demonstrates mechanical stimuli directs osteogenesis [26] . On day 21, the collagen formation is also in a similar trend in line with calcium mineralization under static and dynamic culture. Collagen formation is significantly higher in dynamic culture p < 0.0017 than static culture. Fluid flow without osteogenic induction supplements in media showed higher matrix deposition by MSCs seeded on 3D macro-porous zirconium dioxide ceramic scaffold [27] . Dynamic perfusion culture of MG-63 osteoblast cells cultured on chitosan scaffold results showed an increase in bone formation, which confirms with higher ALP activity, and collagen formation [28] . The results of the current studies are also clearly confirming fluid flow enhancing osteogenesis of MSCs.
The proposed reactor model is autoclavable; thus provides a sterile environment throughout the experimental study; the flow delivery to the scaffold can be made without any bubble formation and easy to operate. Though many perfusion bioreactors have been developed to date, they are restricted to smaller size scaffolds, the major disadvantage to fill the large bone defects. We developed a perfusion bioreactor for larger 
bone tissue engineering scaffolds; interestingly, this can be adapted to different size and shape of the scaffolds. The design aspects and significance of the model are discussed in detail in the previous work [29] . Our earlier work using this bioreactor confirmed that this bioreactor can be operated smoothly and can be used for applying FF to stimulate the bone regeneration. However, it is very important to authenticate this reactor model by using different scaffold and cell combinations to confirm whether the FF applied in this reactor can support the bone formation. Thus, the present investigations have taken up to prove the role of FF in the bone formation using the developed in-house bioreactor. Starch-based PCL scaffolds with a dimension of 8 mm diameter and 1.5e2 mm height were used to culture cells in perfusion bioreactor and concluded that FF plays a vital role in engineered bone graft development [25] . However, the perfusion bioreactor chosen in their study is not suitable for larger scaffolds, this can be addressed with our perfusion reactor which also provides uniform flow delivery to the scaffold through multi channel inlet system [25] Meinel et al. reported that dynamic medium flow improved the bone mineralization which was confirmed by higher calcium deposition over silk scaffolds (6.4 mm diameter Â 1.5 mm thick discs) [30] . The up-regulation of osteogenic markers expression under perfusion regimen had been reported earlier [9] . In our study also, we found that key osteogenic markers RunX2 and osteonectin, was higher (as known from the enhanced corresponding mRNA level) under applied FF. In this study, the higher ALP activity and mineralization showed by the MSCs under dynamic culture condition, the results are in agreement with Nguyen et al., where ALP activity showed higher by human mesenchymal progenitor cells (hMPCs) [31] . In another study, MC3TC3 (pre-osteoblast) cells were cultured on chitosanhydroxyapatite (HA) scaffolds (6 mm diameter Â 4 mm thickness circular discs) using static method. The perfusion culture showed greater cell viability and osteogenic differentiation of MC3TC3 (pre-osteoblast cells) compared to static culture [32] . Though, we investigated the osteogenic potential of MSCs under perfusion culture, proved that FF could enhance the osteogenesis. Interestingly, no reports have been noted so far on larger scaffolds, we had been previously reported the static seeding combined with perfusion culture improved osteogenic differentiation of hESMPs. Our reactor model can be used for a variety of scaffold/cell combinations to elucidate the significant role of FF shear stress on bone regeneration to address the challenges in tissue formation. Also, it can be used for other tissue engineering applications.
Conclusion
After carrying out a series of experiments over PLA/PEG scaffolds under static culture conditions, greater cell viability found in PEG contained scaffold. PEG contained scaffolds showed the higher ALP, calcium, and collagen than pure PLA, and PLA90 showed the best among all scaffolds. Perfusion bioreactor culture results compared with static culture, we have found that enhanced osteogenic differentiation MSCs under dynamic conditions, which was confirmed by higher ALP, Ca
þ2
, and collagen activities. Superior Runx2 and osteonectin expression in dynamic fluid flow suggests that FF has a significant role in enhanced bone formation. The developed perfusion reactor is cost-effective, easy to operate, and autoclavable bioreactor, which will have great potential application in bone tissue engineering to understand the physiological cues role in MSCs differentiation.
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